The mechanical properties of graphene nanoribbons on Ni(111) surfaces with different contact sizes are investigated by means of density functional theory. For finite contact sizes, the stress behavior of graphene nanoribbons on metal electrodes is likely to be similar to that of suspended graphene, however the critical strain is not reached due to the sliding friction at the interface. The competition between frictional and external forces is responsible for the nonmonotonic stress behavior. It is indicated that the stick-slip motions of graphene on Ni(111) are as a result of applied external forces on the GNR/metal contact. Moreover, the effect of vacancies and chemical doping on the sliding friction are addressed. Graphene starts to slide on the surface under a much lower external force in the case of defected graphene, due to the weaker binding to the surface. For infinite contact sizes, a linear relationship between stress and strain are found until structural failure occurs by 11% applied strain. The corresponding critical strain for the suspended GNR (without electrodes) has been found to be 13%.
Introduction
Graphene is one of the promising new materials for application in electronics, energy technology, and sensing. The high carrier mobility of free-standing graphene results in a remarkable electrical conductivity. One of the important issues in graphene-based nanoelectronics is the ability to control its electronic and transport properties. The manipulation of the electronic properties of graphene nanoribbons (GNR) via mechanical strain [1] [2] [3] , vacancies [4, 5] and chemical doping [6, 7] has been suggested. Applied local strain on graphene by an atomic force microscopy cantilever shows that graphene can be stretched by up to 20% without structural failure [8] . Uniaxial and biaxial strain, applied along different crystallographic directions, can reversibly tune graphene from metallic to insulating or significantly change the band structure. Atomistic simulation using a molecular mechanics approach [9] shows that the mechanical properties of GNRs depend strongly on the edge states. It has been found that the critical strain to fracture is around 30% for zigzag GNRs and around 15% for armchair GNRs. The stress and strain are linearly dependent on one another until the cracking of the GNRs. The mechanical behavior of GNRs connected to metal electrodes can be altered whereas it cannot be altered in suspended GNRs. When mechanical forces are applied to metal contacted graphene nanoribbons, the effect of the mechanical strain and the interface chemistry on the electronic structures can interfere. In this case, the chemical bond between GNRs and metals can be broken due to mechanical forces, dependent on bond strengths and contact sizes. Up to certain applied forces, C-C bond stretching is the dominant effect. For a GNR to be strained in order to tune its electrical properties, one should avoid the bonds breaking, and consequently the sliding of interfaces, as much as possible.
In addition, the interaction of graphene with metal electrodes has a crucial influence on the electrical behavior of graphene based devices. The interface properties can modify the electronic structure of graphene and consequently change its physical and chemical properties. Several experimental [10] [11] [12] [13] and theoretical [12, [14] [15] [16] [17] [18] [19] [20] studies have been carried out to understand the electronic and transport properties of carbon-based materials in contact with metal substrates. The graphene-metal interactions can be distinguished in two different interaction types, namely, strong and weak bonding. Graphene on Ni and Pd surfaces are representative examples of a strong interaction with the significant hybridization of graphene p-states and metal d-states [18] . In contrast, weak interaction has been found for graphene on Cu and Pt surfaces. At physisorption interfaces, due to the charge transfer, graphene can be doped by a metal contact becoming p-or n-type [21] . Chemisorption interfaces are more effective in stretching GNRs in contact with metal electrodes due to their stronger bonding to graphene. Moreover, the effect of some metal substrates can result in the local deformation of graphene [22] . This can be attributed to the different binding strength of C atoms located on different surface sites.
In this work, we apply an external force to the metalcontact GNRs as schematically illustrated in figure 1. The force is applied from the right hand side for both metal and carbon atoms, then we analyze the behavior of the left contact. Two different models are considered: (i) the small area contact without fixing carbon edges in the contact region; and (ii) large area contact mimicked by fixing carbon edge atoms in the contact region (presented as a yellow box in figure 1 ). The dominating processes are carbon-metal bond breaking in the first case and C-C bond stretching and breaking in the second case. From the first model, we aim to understand the critical strain for the sliding process as well as the changing of static stresses with respect to contact sizes. From the second part, the critical strain for structural failure will be determined. Motivated by strong bonding between Ni(111) and graphene, as well as a small lattice mismatch between two surfaces, Ni (111) is chosen for the electrodes. The outline of the paper is as follows. In section 2 the computational methods and the model systems will be introduced. In section 3 the electronic structures of two different contact sizes of GNR/Ni(111) interfaces will be reported. The sliding process of GNRs without and with vacancies/dopings will be analyzed in section 4. In section 5, the effect of contact electrodes on the stress-strain characteristic will be discussed. Finally we draw conclusions in section 6.
Models and methods
In figures 2(a) and (b) the model systems for two different sizes of armchair GNRs on Ni(111) are shown. The GNR size of 28.2Åand 35.6Åare chosen to simulate different contact widths of about 8.5Åand 16.0Å, respectively (figures 2(a), (b)). In the following sections, we will refer to contact1 (contact2) for the configurations of the system where the width is 8.5Å(16.0 Å). Periodic boundary conditions are used along the y direction and a vacuum size of 15Åalong the x and z directions. The in-plane lattice constant of graphene equal to a = 2.45Åis chosen along the y direction, leading to a Ni(111) lattice compression of around 1.2%. Unpassivated as well as H-passivated GNR edges in the contact regime are considered. Two nonequivalent carbon atoms are adsorbed on the near-top and fcc sites of Ni(111). These conformations are found to be the most stable adsorption positions followed by top-hcp and hcp-fcc sites [23] .
In order to apply a strain on the GNR, the fixed edge of the GNR is sequentially shifted and kept fixed (schematically shown in figure 2(a) ). After relaxation, forces on the atoms are zero rather than there being forces on the edge atoms (fixed atoms).
The strain and stress are defined via
is the displacement of GNR edges along the x direction (L x 0 is the initial length of GNRs), F is the full force applied on the fixed edge, and L y is the unit cell length along the y direction (see figure 2) . In this study, the uniaxial strain along the x direction only is taken into account.
Our calculations are based on spin polarized densityfunctional theory (DFT) and have been performed within the PBE generalized gradient approximation (GGA) for the exchange-correlation functional [24] and the PAW method [25, 26] using the Vienna ab initio simulation package (VASP) [27] [28] [29] . The wave functions have been expanded in Figure 1 . The schematic presentation of a GNR between metal electrodes with applied external forces. The study of sliding process as well as stress-strain characteristics are performed for small area contacts and for contacts with fixed edge atoms (presented by the yellow box), mimicking the large-area contact. plane waves up to a kinetic energy cutoff of 400 eV. The Brillouin zone is sampled by 1×7×1 k-points using the Monkhorst-Pack scheme [30] . For each considered system the graphene layer, as well as the first layer of the nickel surface, has been fully optimized until all force components are less than 0.005 eV Å -1 .
GNR/Ni(111) interface
In this section, the atomic and electronic structure calculations of GNRs on a Ni(111) surface are presented without applied forces. In order to obtain the equilibrium distance between GNRs and the surface, the geometry optimization is performed with stepwise changes in the GNR-surface distance.
The calculated average equilibrium distances between GNRs and the surface are 2.04Åand 2.07Åfor unpassivated contact1 and contact2, respectively. The slight difference between small and large contact lengths are due to the higher ratio number of edge to bulk atoms. These results are in agreement with the corresponding adsorption site (top-fcc) reported in previous studies for large scale graphene on Ni (111) by DFT-LDA (2.00-2.09 Å) [22, [31] [32] [33] , DFT-GGA (2.13Å) [33] , MD simulations (2.11 Å) [23] , as well as the experimental value of 2.11Å [34] . It should be noted that the reported DFT-GGA distance is for large scale graphene without edge effects. In the case of GNRs in Ni(111), one can expect a decrease in the equilibrium distance of edge atoms and their nearest neighbor atoms (see figures 2(c), (d)). For the H-passivated systems, the equilibrium distance of about 2.1Å is observed for both contact lengths.
Subsequently, we relaxed all atoms in the interface region (carbon atoms and the surface layer of Ni). The optimized structures for both unpassivated and passivated GNRs are shown in figures 2(c)-(f). In the case of the unpassivated GNR, the chemically active edges result in the strong bonding between edge atoms in GNRs and metal atoms. The calculated binding energy of the unpassivated GNR on Ni(111) for the different contacts are 0.18eV and 0.16eV per carbon atom, respectively. The slightly larger GNR distance from the surface for contact2 with respect to contact1 leads to a slightly smaller binding energy. Our results are in agreement with recent DFT calculations using the PBE functional plus dispersion correction. They reported a binding energy of almost 0.14eV and the graphene-Ni distance of about 2.1Åfor the top-fcc adsorption site [20] . In order to probe the effect of dispersion forces on the binding energies, the van der Waals interaction using the Grimme method [35] has been taken into account. The difference in the binding energies with and without dispersion corrections is less than 0.01eV. Therefore, all further calculations have been performed without considering dispersion corrections.
In figure 3 , the partial density of states for two different contacts are presented. The states are a summation over spin up and spin down components. Around the Fermi energy, the DOS of the GNR are dominated by p z -states. The electronic structure analysis of both contacts shows a strong hybridization between the Ni d-states and p z -states of the GNR around the Fermi energy inferred from overlapping DOS. The d-states of Ni atoms in contact2 has slightly broadened with respect to contact1. A greater number of contact atoms results in a higher charge transfer between Ni and C atoms, resulting in the opening of additional peaks of Ni d-states. In addition, stronger hybridization is also found between occupied dstates and p z -states for contact2, reflected in the higher peak. As a comparison, the density of p z -states of a free-standing GNR (without electrodes) are also shown. The significant change in the p z -states of free-standing GNRs and GNRmetal contact are indicated. Furthermore, one can observe around the Fermi energy a slight shift towards the left, more prominently in the p z peaks of the GNR in contact2, when they are compared with contact1. In figure 4 we present the difference in charge densities for both contacts:
The gray and red colors of isosurfaces present the positive and negative densities, respectively. The electrons are mostly distributed to the p z -states of GNRs indicated by positive densities. Electron depletion (red spheres) are observed for p x -and p y -states of C atoms and partially for Ni atoms. Around the Fermi energy, where the electronic states are dominated by d-and p z -states of metal and graphene, the electrons are pushed away from Ni atoms to C atoms. In the noncontact regime, lower charge densities of Ni atoms are observed compared to the contact regime. The contribution of the second and third Ni(111) layers on the charge rearrangement are also indicated, reflecting in the existence of charge densities in the second and third layers. Moreover, the charge transfer value between the GNR and the Ni surface are analyzed using the Bader model [36] . The charge injection of 0.04e and 0.05e (per carbon atom) from Ni atoms to carbon atoms are indicated for both contact1 and contact2, respectively. This results in n-doped GNRs.
Sliding friction
In this part we will present the structural and mechanical behavior of GNRs under an applied mechanical force when the edges in the contact regime are not fixed. In this case, two mechanisms are possible; either the stretching of GNRs or the sliding friction of a GNR on the Ni(111) surface. In order to stretch GNRs on metal electrodes to tune their electrical properties, the external force and the frictional force must be competitive. The friction force between GNRs and metals depends strongly on the contact length and the binding strength. To display the dependency between contact lengths and the friction force, two different contact lengths, as described in the previous section, are considered. The binding strength can be manipulated by vacancies and dopings. The chemical active edges formed by vacancies can react with metal atoms to alter bonding strength. Moreover, the active edges can also react with atmospheric gases leading to the dissociative adsorption of gas atoms on edges. Motivated by these facts, the effect of vacancies and doping on the sliding friction are also investigated in the second part of this section.
Contact size effect
In figure 5 , the stress as a function of displacement for two different contacts are illustrated. Figures 5 (a) and (b) and figures 5 (c) and (d) demonstrate the stress curve of unpassivated GNRs and H-passivated GNRs, respectively. In contrast to the free standing GNRs, a nonlinear relationship of stresses with respect to displacements are observed for all considered systems. In the case of electrode-free GNRs, during the stretching process, the stress is increased up to a critical strain. An applied strain larger than a critical strain leads to the structural failure. The stress behavior of GNRs on metal electrodes is likely to be similar, however the critical strain is not reached. The competition between frictional and mechanical forces results in the stick-slip behavior of stressdisplacement curves. The stress is enhanced with increasing displacement up to 1Å(1.5 Å) for contact1 (contact2). The stress values of the static phase have been found to be 1.8N m -1 and 2.5N m -1 for unpassivated GNRs in contact1 and contact2, respectively. The larger the contact size the larger the static stress. In our models, the contact length of contact1 is around half as large as contact2 and one can expect that the stress value of the static phase of contact2 is almost twice that of contact1. The calculated stress value in the static phase of contact2 is slightly smaller than twice the stress value of contact1. This can be attributed to the slightly larger binding energy of the GNR on Ni(111) in the case of contact1 as compared to contact2. For the small contact, with the increasing displacement above 1Å, the GNRs start to slide on the Ni surface and stress is decreased. The corresponding value for the large contact is 1.5Å. Interestingly enough, in the case of unpassivated GNRs, nickel atoms bounded to the edge carbon atoms also slide on the surface, together with the GNRs. In this case, both Ni-Ni and Ni-C bonds must be broken by the external force, leading to the slightly larger stress values than the H-passivated cases. However, because of the weak binding of the Ni-Ni induced by the edge effect (see figure 2) , these stress differences are less than 0.3N m -1 . Furthermore, the deformation of the Ni surface results in the inhomogeneous behavior of the stress curves and nonperiodic repetition of the peaks.
A closer look at the stick-slip behavior is presented in figure 6 for passivated GNRs in contact1. In the initial configuration, nonequivalent carbon atoms are adsorbed on neartop and fcc sites. For a small displacement of up to 1Å, the elastic energy is pumped into the system by the driving forces, resulting in the small change in the adsorption sites (stick mode). This elastic energy is released as kinetic energy for a displacement of 1.5Å, inferred from the jump of the carbon atom from near-top to the next nearest near-top (slip mode). In spite of the decrease in stress for a 2.5Å displacement, the system is still in stick mode. This is probably due to the fact that the system reaches the most stable equilibrium position. The periodic repetition of the peaks are observed; however, with decreasing contact lengths the peaks becomes lower. In the inserts of figure 5 , the corresponding atomic structures of the systems for some displacement values are illustrated. The contact area becomes smaller during the sliding process, which can be obviously recognized from the pictures.
Vacancies and doping
In fact, the fabrication of defect-free graphene is rather hard to achieve. One can assume that in real electronic devices GNRs have vacancies. The vacancies are chemically active to react with gas molecules in atmospheric conditions. In figure 7 , the dissociative adsorption of oxygen molecules on a GNR with vacancies are demonstrated. Two different initial configurations have been taken into account with two different O 2 orientations with respect to the vacancies (figures 7 (a) and (c)). In the initial configurations, the vertical distance between oxygen molecules and the GNR surface is almost 1 Å and the O-O bond length are 1.24 .
Å The relaxed structures of the two configurations are shown in figures 7 (b) and (d). The spontaneous dissociative adsorption of O 2 as indicated resulted in the oxidation of the interiors.
In order to study the mechanical properties of defected GNRs and the role of oxidized edges on the sliding stresses, the mechanical strain is applied on the GNRs for both contact sizes (contact1 and contact2). In figure 8 , the stress as a function of the GNR displacement are shown. The nonmonotonic stress is also observed for this system. Because of the surface deformation as a result of vacancies, the periodic repetition of the peaks is not indicated. It should be noted that the stress values of the static phase are decreased compared to the pristine GNRs. The stress value of 0.58N m -1 and 0.92N m -1 are calculated for contact1 and contact2, respectively. The stress values for defected GNRs are almost half of the stress values for pristine GNRs.
The weaker binding between the defected GNR and the Ni surface due to the vacancies may cause the smaller stress values as compared to the pristine GNRs. In order to prove this, the binding energy of defected GNRs and the Ni surface for the structure shown in figure 7(b) are calculated. The calculated binding energy is about 0.08eV per carbon atom, which is almost half of the corresponding value for pristine GNRs. The perpendicular distance of adsorbed oxygen atoms is about 0.5 Å above the GNR surface and O atoms do not chemically bond to the the nickel surface. Therefore, bonding strength cannot modify in the presence of adsorbed oxygen. One can conclude that the threshold value of stress in the static phase will be reduced due to the vacancies for GNRs on the Ni surface.
Stress-strain characteristics
In this part, we focus on the stress-strain properties of GNRs/ metal electrodes. To avoid the sliding friction, the modeling of the infinite contact area are achieved by fixing carbon edge atoms in contact1 regime. If the contact area is large enough (called as infinite), an applied strain on boundaries dose not change the atomic positions of inner part of graphene island. Therefore, for the infinite contact simulations, the edges on GNR which are in contact with electrodes are kept fixed. In this case, the graphene can be stretched by applied external forces.
In figure 9 , the fixed part of the edge atoms are illustrated in the red boxes. The strain is applied by sequentially shifting other edge atoms (free-electrode part). The equilibrium condition is achieved when forces on all atoms are almost zero, rather than the force on only the edge atoms being zero. The mechanical stress can be defined as being the difference in the forces between two edges divided by area. In figure 9 , the stress-strain curves are shown. The linear relation between stress and strain is observed up to the stain of about 11%. For strain larger than 11%, the stress decreases and the failure point is reached. In figures 9(a), (b) , the optimized structure of the system for two strains are shown. For critical strain of 11%, the averaged C-C distance is about 1.58 Å. As illustrated in figure 9(a) , the stretching of GNRs mostly occurs at the metal interface. The breaking of GNRs happens at the metal interface boundaries because of chemically active electrode edges. In addition, the stress-strain curve for suspended GNRs (without the metal electrode) is also included. The structural failure of the suspended GNR occurs for an applied strain greater than 13%, which is slightly larger than the GNR/metal case. However, the calculated stress values are almost independent of the electrode contact.
Conclusion
The mechanical properties of graphene nanoribbons in contact with nickel electrodes have been investigated based on the density functional theory. The sliding friction of graphene nanoribbons on the metal electrode was analyzed for different electrode contact lengths. The competition between friction and mechanical forces results in the stick-slip behavior of stress-displacement curves. Moreover, the effect of vacancies and doping in graphene nanoribbons on the sliding friction are investigated. The threshold values of stress in the static phase for defected GNRs have been found to be smaller than pristine graphene nanoribbons. This can be attributed to the weaker binding between defected GNRs and metal electrodes. Our results show that the stretching of GNRs in contact with electrodes is only possible for small strains. For an infinite contact size, the stress increases with increasing strain up to a critical strain of 11%. Applying a strain greater than the critical strain leads to structural failure.
